Abstract. This study examined the effect of the cross-linking with riboflavin-ultraviolet A (UVA) irradiation on the chemical bonds and ultrastructural changes of human sclera tissues using Raman spectroscopy and atomic force microscopy (AFM). Raman spectroscopy of the normal and cross-linked human sclera tissue revealed different types of the riboflavin-UVA and collagen interactions, which could be identified from their unique peaks, intensity, and shape. Raman spectroscopy can prove to be a powerful tool for examining the chemical bond of collagenous tissues at the molecular level. After riboflavin-UVA treatment, unlike a regular parallel arrangement of normal collagen fibrils, the AFM image revealed interlocking arrangements of collagen fibrils. The observed changes in the surface topography of the collagen fibrils, as well as in their chemical bonds in the sclera tissue, support the formation of interfibrilar cross-links in sclera tissues. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
The human sclera is a turbid, nontransparent medium covering about 80% of the eye ball and serving as a protective membrane. It is a strong fibrous tissue which mainly consists of conjunctive collagen fibers forming parallel bundles of different diameters that are organized in irregular interwoven layers. 1, 2 The human sclera is composed mainly of type-I collagen fibrils (50% to 70%), which mostly distribute among the equator and posterior pole region of the eyeball. Collagen types III, V, and VI have also been found in the sclera. 3, 4 Myopia is a common ocular disability throughout the world. Myopia affects up to 30% of the general population in the USA and Europe, and up to 60% of Asians. [5] [6] [7] [8] [9] High myopia is characterized by sclera thinning and localized ectasia of the posterior sclera. The progression of scleral thinning can be attributed to an interrupted emmetropization mechanism after visual deprivation, such as a cataract, corneal opacity, or a shift in the focal plane by negative lenses. 10 On the other hand, the condition may be due to genetic problems, such as a Marfan syndrome (elastin defect), Ehler-danros syndrome (collagen type-I and -III), Osteogenesis imperfecta (collagen type-I), and Pseudozanthoma elasaticum (elastin defect) with a lack of intermolecular crosslinks of collagen or elastin.
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To reduce myopic progression, various clinical trials such as pharmaceutical agents, progressive addition lenses, rigid gas-permeable contact lenses, orthokeratotic lens, and scleral reinforcement operations, have yielded negative or positive results. [13] [14] [15] [16] [17] [18] [19] Recently, some studies reported that the crosslinking induced by the photosensitizer riboflavin and ultraviolet A (UVA) irradiation of 370 nm lead to a significant increase in the biomechanical rigidity efficiency of scleral collagens, which can prevent myopic progression. 20, 21 However, they provided no information on the structural changes and chemical bonds in the biomolecule interactions of the scleral collagen.
Raman spectroscopy has many advantages when analyzing biological tissues, such as less water interference, nondestructive analysis, and high sensitivity. Furthermore, it can provide information on the structure and interactions of biomolecules in their microenvironment within intact cells and tissues. This method was used successfully to examine the mechanism of glutaraldehyde or dimethyl suberimidate cross-linking in pericardium tissue. 22, 23 Atomic force microscopy (AFM) is a promising tool for observing the surface topography or nanostructure of biological tissues because it provides high spatial resolution on the nanometer scales as well as the three-dimensional ultrastructure of the surface morphology. 24, 25 Therefore, this study investigated the effect of cross-linking with riboflavin-UVA irradiation on the chemical bonds and ultrastructure of human sclera tissues using Raman spectroscopy, AFM, and histology.
Material and Methods

Sample Preparation
Sclera from a human donor eye (age 70 years, male) was obtained from the Eye Bank of Kyung Hee University Medical Center, Seoul, Korea. The donor sclera had negative serologic tests for hepatitis, syphilis, and human immune deficiency virus. The eye was prepared by surgically removing the internal ocular structures to leave only the scleral shell. The human sclera tissue was preserved in 75% ethanol.
Cross-Linking Procedure
A 0.1% riboflavin photosensitizer solution (3 mg riboflavin-5-phosphate in 3 ml 20% dextran 500) was instilled into the prepared scleral tissues for 10 min before UVA irradiation. UVA irradiation (370 nm) was applied using UVA light source (UV-X TM , IROC AG, Zürich Switzerland) with an irradiance of 3 mW/cm 2 at a distance of 4 cm from the sclera for 30 min.
Raman Spectroscopy
Raman spectroscopy (InVia Raman, Renishaw, United Kingdom) was performed to characterize the chemical composition and molecular structure of normal and cross-linked sclera tissues. A λ = 785 nm with a power of 200 mW was used as the excitation source. The spectra were recorded by scanning the 200 to 3200 cm − 1 region with an acquisition time of 10 s for each scan.
AFM Measurement
The sclera specimens were dehydrated in a graded series (60%, 70%, 80%, 90%, 95%, and 100% ethanol with 3 changes) of ethanol and dried in air. The sclera surface was examined by AFM (NANOS N8 NEOS, Bruker, Herzogenrath, Germany), which was operated in noncontact mode (nominal spring constant 0.2 N/m) in ambient air at room temperature. The topography was obtained using a silicon cantilever with an integral pyramidal shaped tip (SICONG, Santa Clara, California). The AFM images had an image resolution of 512 × 512 pixels, and a scan speed was of 1.0 line/s. A scanning probe image processor (SPIP version 4.8, Image Metrology, Lyngby Denmark) was used to analyze and compare the morphology of the normal and cross-linked scleral tissues.
Histological Analysis
Both normal and cross-linked sclera tissues were dehydrated in a graded series of ethanol followed by xylene (70% v/v ethanol for 2 h, 100% v/v ethanol for 2 h, and xylene for 1 h) and embedded in paraffin at 60
• C for 2 h. Sections (4-μm thick) from each block were mounted on a glass microscope slide. After removing the embedding medium, the sectioned sclera tissue was stained with Masson's trichrome stain. The stained slices were observed by optical microscopy (ScanScope CS, APERIO, California). Figure 1 presents the Raman spectra of normal and cross-linked human sclera tissues in the range of (a) 200 to 3200 cm − 1 , (b) 200 to 1800 cm − 1 , and (c) 2800 to 3200 cm − 1 . Table 1 summarizes the Raman shift and the assignment of the bands, which are discussed in terms of riboflavin-UVA and collagen interactions. [26] [27] [28] [29] [30] [31] Fig. 1 Raman spectra of the normal and cross-linked human sclera tissue in three spectral ranges of (a) 200 to 3200 cm − 1 , (b) 200 to 1800 cm − 1 , and (c) 2800 to 3200 cm − 1 , respectively. The peak assignments are given in Table 1 . Raman peaks, which are discussed in terms of the cross-linking, are in the dashed line.
Results
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December 2011 r Vol. There was a strong dependency between the intensity of certain Raman bands at the amide bands of 1276 and 1668 cm − 1 . The Raman bands at 855 and 919 cm − 1 were assigned to the C-C stretching vibration of the proline ring in collagen. The band at 1004 cm − 1 (C-C aromatic ring), which is typical for the collagen, was observed. The methyl (CH 3 ) and methylene (CH 2 ) deformation vibration mode at 1452 cm − 1 also features the Raman scattering in collagen. The scleral tissue treated by riboflavin-UVA showed not only a shift in the 393 cm − 1 (CCC) stretch band toward 401 cm − 1 and a simultaneous shift in the 532 cm − 1 (S-S) stretch band toward 542 cm − 1 , but also more intense and sharp Raman peaks. The broad peak at approximately 1322 to 1338 cm − 1 was assigned to CH 2 deformation. In Fig. 1(c) , the peak at 2882 cm − 1 was attributed to the (CH 2 ) antisymmetric stretching mode, and a broad spectra peak at 2932 cm − 1 was assigned to the (CH 3 , CH 2 ) stretching mode. show the Masson's trichrome staining of the normal and cross-linked sclera tissues (magnification × 400). The difference in stained collagen as a blue color was clearly identified between the normal and cross-linked specimens. The cross-linked scleral tissue showed a dense collagen bundle compared to the normal sclera tissues.
Discussion
The sample preservation of this study was based on the clinical preservation method, used ophthalmologically in our hospital. This method may affect the structure of scleral tissues, but since this study examined and compared the difference between the normal and cross-linked sclera tissues using the same method, that effect may not be a problem.
Cross-linking is a minimally invasive procedure in which a chemical agent is applied to the residual cornea or sclera after epithelium removal. This chemical agent initiates the formation of new molecular bonds between the collagen fibrils and lamellae, either by itself or when exposed to UV light. New bonds would be the most likely to increase the mechanical strength of the cornea or sclera because they could physically link individual collagen fibrils, and entire adjacent lamellae of the cornea or sclera stroma. 20, 21, [32] [33] [34] [35] [36] Clinical collagen cross-linking of keratoconus corneas induced by the photosensitizer riboflavin and UVA irradiation of 370 nm prevents further corneal stroma thinning associated with keratoconus by increasing corneal rigidity. [32] [33] [34] [35] Wollensak et al. reported that the cross-linking induced by the riboflavin-UVA irradiation leads to a significant increase in the biomechanical rigidity efficiency of scleral collagens, which may prevent myopic progression. 20, 21 However, they provided no information on the structural changes and chemical bonds in the biomolecule interactions of the collagen. Human scleral tissue contains approximately 50% collagen by weight, consisting mainly of type-I collagen. 37, 38 Generally, collagens are identified as proteins consisting of three polypeptide chains, assembled with triple-helical domains and containing (Gly-X-Y) n amino acid repeat sequences, where X and Y are often proline and hydroxyproline, respectively. 38 In this study, the Raman spectra of human sclera tissue are consistent and feature the characteristic collagen bands. 26, 31 The amide I (1655 to 1667 cm − 1 ) and amide III (1241 to 1276 cm − 1 ) bands, which represent peptide bonds within the proteins and in the collagen, indicate the stabilization of a subfibrillar triple helical structure by the formation of interchain hydrogen bonds between the N-H groups of glycines and the C=O groups of prolines in the neighboring chains. 39, 40 The amide I band corresponds to the peptide carbonyl stretching vibration, whereas the amide III band originates from the NH in plane deformation at 1276 cm − 1 coupled to the CN stretching mode at 1243 cm − 1 (Table 1 ). In addition, a strong C-C stretch band around 855 and 919 cm − 1 supports the presence of the helical conformation in a collagen molecule. 26 The interactions of the riboflavin-UVA with the collagen from human sclera result in formation of stable cross-links, which the number of cross-links in collagen increases. McCall et al. explained the mechanism of cross-linking with riboflavin-UVA in the corneal tissue, which the riboflavin-sensitized UVA photoreaction generates free radicals and so-called reactive oxygen species, like superoxide anion (O 2 − ), hydroxyl radical (•OH), or hydrogen peroxide (H 2 O 2 ) mainly via the so-called type-I pathway of photosensitized oxidation. 36 This chemical modification induces changes in the Raman spectra of the sclera tissues. The analysis of the position and the intensity of the Raman bands for normal and cross-linked sclera tissues allowed us to recognize the following types of the riboflavin-UVA and collagen interactions.
When the scleral tissue was treated by riboflavin-UVA, it can observe not only a shift of the 393 cm − 1 (CCC) stretch band toward 401 cm − 1 and a simultaneous shift in the 532 cm − 1 (S-S) stretch band toward 542 cm − 1 , but also more intense and sharp Raman peaks. A weak band around 1126 cm − 1 (CN stretch) appeared which could be explained in terms of C-N bond formation by riboflavin-UVA. Furthermore, cross-linked scleral tissue showed an increase in the band intensity around 1322 to 1338 cm − 1 , which is assigned to the CH 2 deformation and would be attributed to a relative increase of the CH 2 chains according to the cross-linking effect. Therefore, Raman spectroscopy can identify the changes in molecular structure and chemical composition of collagen fibrils in both normal and cross-linked human scleral tissues.
AFM is being widely applied to study surface topography of many biological structures, at high resolution. The ultrastructure of corneal collagen fibrils as well as scleral collagen fibrils was first studied using AFM by Fullwood et al. 41 They reported that cross-bridge structures were sometimes visible connecting the collagen fibrils in both cornea and sclera. Meller et al. also reported quantitative measurements of individual collagen fibrils in human cornea and sclera. 42 In the present study, the surface topography of normal sclera tissue is consistent with that previously reported, in which regular transverse D-periodic banding pattern of approximately 67 ± 6 nm. 41 The sclera tissues with riboflavin-UVA treatment showed the tangled and cross-bridge nanostructures with a swelling effect and a running in different directions each other. It is likely that this change is responsible for formation of cross-links between collagen molecules within collagen fibrils.
To investigate the cross-linking effect of the human sclera, histological analysis of normal and cross-linked sclera tissues was performed using Masson's trichrome staining method to visualize the extracellular matrix components, particularly the collagen fibrils in the sclera. A dense collagen bundle in the crossed-linked sclera tissue might be caused by the cross-linking effect by the riboflavin-UVA treatment.
In this study, there are some limitations including the number of samples and the effects with age and investigating regions in sclera. Therefore, further studies will be necessary to determine the relevant clinical implications of the findings. The is further dictated to obtain a reliable result by means of more sample size and to reveal the relationship between the age and regions in sclera.
In summary, this study showed that human scleral collagen can be cross-linked effectively using riboflavin-UVA irradiation, leading to a significant increase in the collagen bundle. Raman spectroscopy and AFM were used to examine the structural changes and chemical bonds in cross-linked human sclera tissues by riboflavin-UVA irradiation. In addition, the scleral tissues were examined histologically by optical microscopy to evaluate the cross-linking effect.
The Raman spectra of the normal and cross-linked human sclera tissues revealed different types of the riboflavin-UVA and collagen interactions, which could be identified from their unique peaks, intensity, and shape. Therefore, Raman spectroscopy can prove to be a powerful tool for examining chemical bonds in collagenous tissues at the molecular level. After sclera collagen cross-linking, AFM image revealed interlocking arrangements of collagen fibrils. The observed changes in the surface topography of the collagen fibrils, as well as in their chemical bonds in the tissue, support the formation of interfibrilar cross-links in sclera tissues.
